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Summary 

Prokaryotic proteins destined for transport out of the 
cytoplasm typically contain an W-terminal extension 
sequence, called the signal peptide, which is required 
for export. It is evident that many secretory proteins 
utilize a common export system, yet the signal 
sequences themselves display , very little primary 
sequence homology, in attempting to understand, 
how different signal pepiides are abie to promote pro- 
tein secretion through the same pathway, the physical 
features of natural signal sequences have been exten- 
sively examined for similarities that might play a part 
in function. Experimental data have confirmed statisti- 
cal analyses which highlighted dominant features of 
natural signal sequences in Escherichia coti: a net 
positive charge in the //-terminus increases efficiency 
of transport; the core region must maintain a threshold 
level of hydrophobicity within a range of length limita- 
tions: the central portion adopts an a-helical confor- 
mation in hydrophobic environments; and the signal 
cleavage region is ideally six residues long, with 
small side-chain amino acids in the —1 and —3 posi- 
tions. This review focuses on the parallels between 
signal peptide physical features and their functions, 
which emerge when the results of a variety of experi- 
mental approaches are combined. The requirement 
for each property may be ascribed to a potential inter- 
acts that is critical for efficient protein export. The 
summation of the key physical features produces 
signal peptides with the flexibility to function in 
multiple roles in order tp expedite secretion. In this 
way, nature has indee'd evolved exquisitely tuned 
signal sequences. ; * .' 
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Introduction 

Proteins destined for extracytoplasmic compartments in 
both eukaryotic and prokaryotic cells typically contain an 
AMerminal extension sequence called the signal peptide 
or leader sequence, which plays a crucial role in increas- 
ing the efficiency of protein transport across membranes. 
Although signal peptides lack primary sequence homol- 
ogy (Watson, 1984), they display similar physical charac- 
teristics. It is well established that the shared features 
enable different signal peptides to interact with common- 
elements in a 'general secretory pathway' in Escherichia 
coli (for a review see Pugsley, 1993). Furthermore, since 
signal peptides can be interchanged between eukaryotic 
and prokaryotic systems, parallels between the two trans- 
port pathways are likely to exist. . 

Examination of natural signal sequences has produced 
a description of the typical signal peptide in E. coli: the 
/V-terminus is five to six residues long and has, on aver- 
age, two positively charged amino acids; the hydrophobic 
core is about 12 residues long, contains highly hydro- 
phobic residues and is uncharged; the C-terminus is six 
residues long, has neutral small side-chain amino acids 
at positions -1 and -3, and often includes a proline or 
glycine residue (Periman and Halvorson, 1983; von 
Heijne and Abrahmsen, 1989). Numerous investigations 
have confirmed the importance of several of the features 
revealed by statistical evaluations and have begun to dis- 
close information as to why these properties are required. 
Protein secretion entails the successful completion of a 
series of steps: synthesis, membrane insertion, transloca- . 
tion, signal peptide recognition and cleavage by leader 
peptidase, and final localization of the mature protein. 
The signal peptide may play multiple roles in accomplish- 
ing these steps by retarding the folding of the precursor 
(Weiss and Bassford, 1990; Hardy and Randall, 1991) 
and through specific interactions with the lipid and protein 
components of the transport pathway. 

Genetic selection experiments and biochemical studies 
have been employed to identify proteinaceous compo- 
nents of the bacterial export pathway (for reviews see 
Schatz and Beckwith, 1990; Mizushima era/., 1991; Wick- 
ner et a/., 1991). SecB is a cytoplasmic protein which acts 
as a molecular chaperone and helps maintain a transport- 
competent state for some exported proteins (Hardy and 
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Fig. 1. Characteristics of a prokaryotic signal 
peptide. Cleavage of the signal peptr xcurs 
at the position marked by the arrowt | n 
addition toihe features of the signal peptide 
the diagram includes the early mature portion 
of the transported protein, which typically 
carries a neutral or net negative charge. 



Randall, 1991). SecA is an ATPase found in two states, as 
a soluble and as a membrane-associated protein bound on 
the cytoplasmic side of the inner membrane (for a review 
see Oliver. 1993). SecO, SecE, SecF and SecY are inte- 
gral cytoplasmic membrane proteins. Recently, SecA and 
SecY have been shown to crosslink to a translocating poly- 
peptide chain (Joly and Wickner, 1993). SecE and SecY 
directly interact and seem to be involved in membrane 
translocation (for a review see lto t 1 992; Taura et a/., 
1993). SecD appears to be important in the release of 
the mature protein from the inner membrane (Matsuyama 
et at., 1993), while the leader peptidases I and II are 
responsible for the actual signal peptide cleavage step 
(for a review see Dalbey, 1991). In addition, Ffh has 
been implicated as part of a ribonucleoprotein signal- 
recognition particle in E. coli (Luirink et a/., 1992; Phillips 
and Silhavy. 1992) and P 12 stimulates protein trans- 
location in a reconstituted system (Nishiyama et a/., 
1993). Progress in discovering the inlegral components 
of the export pathway has led to the proposal of models ' 
for the assembly and function of the translocation com- 
plex. We can now begin to combine our knowledge of 
signal peptides and the components of the export path- 
way in order to elucidate the key interactions involved in 
directing a protein to its final destination. 

The distribution of charged residues 

Secretory proteins are partially characterized by the pat- 
tern of charged residues in the signal sequence and the 
AMerminus of the mature protein. Typically, the signal pep- 
tide has a net positive charge in the fV-terminus and lacks 
charged residues in the core region and C-terminus, 
although there can be a slightly higher incidence of nega- 
tively charged amino acids near the cleavage site. The 
positive charge requirement has been shown to be inde- 
pendent of residue type; analysis of signal peptide 
mutants indicates that lysine and arginine residues can 
be interchanged, and even a histidine at the proper pH 
provides the positive charge required for translocation 
(Sasaki et a/.. 1990). Efficient transport is, however, 
dependent on the location of these residues and the 
introduction of positive charges elsewhere in the signal 
peptide or in the AMerminus of the mature protein is not 
tolerated. There are several possible explanations for 
this bias: a positive charge beyond the AMerminus may 
alter the charge dipole across the signal peptide, provide 



competition with the ^terminal positive charge for an 
important electrostatic interaction (Maclntyre et at. 
1990). or simply disrupt the features desired in another 
region (e.g., the hydrophobicity in the core). 

Von Heijne (1986) recognized the 'dipolar' character of 
bacterial signal sequences as a potentially important 
feature for function (fig. 1). The distribution of positively 
and negatively charged residues at opposite ends of the 
signal peptide as well as the regular alignment of carbonyl 
and amino groups along the backbone of an a-helica! 
region contribute to the net positive dipole. Although the 
extent to which the dipole moment contributes to transport 
efficiency is not well understood, it is plausible that the 
membrane potential of the prokaryotic inner membrane 
may facilitate insertion of a signal peptide with this overall 
charge distribution (for reviews see Geller, 1991 ; Driessen, 
-1992); the energetics of the protonmotive force might 
assist in the transport of negatively charged, residues, 
while it would resist the transport of positively charged 
residues. In support of this theory, the 'positive-inside 
rule', predicting that hydrophobic sequences will be 
aligned in the membrane such that the most positively 
charged terminus is oriented toward the cytoplasrn, accu- 
rately describes both transmembrane segments and clea- 
vable signal peptides (Boyd and Beckwith, 1990* von 
Heijne, 1992). 

Mutations that produce a net negative or zero charge at 
the AMerminus of the signal peptide result in considerably 
decreased rates of export (Inouye et a/.. 1982; Vlasuk et 
a/.. 1983; Puziss et a/., 1989). The negatively charged 
mutants temporarily accumulate in the cytoplasm but do 
eventually gain entry into the secretory pathway in a post- 
translational manner. Therefore, . for wild-type precursors, 
-the positive charge increases the efficiency of transport 
although it may not be absolutely required for secretion. 

The significance of the positive charge at the AMerminus 
is often attributed to the need for an initial electrostatic 
attraction to the negatively charged phospholipids of the 
inner membrane, which can be followed by insertion of 
the hydrophobic region of the signal peptide into the 
bilayer or a proteinaceous component therein, e.g. the 
loop model (Inouye and Halegoua, 1980; for a review 
see de Vrije et at., 1990). Upon signal peptide interaction 
with the membrane, the rV-terminal positive charge may 
also facilitate initial loop formation by interacting with 
the negatively charged residues that often exist around 
the signal peptide cleavage site (Bosch et ai, 1989). 



format^ .-of such a loop was implicated by the biophysical 
analyst the conformation and orientation of a synthetic 
PhoE signal peptide in a lipid environment (Batenburg 
et a/.. 1988). Indeed, anionic phospholipids seem to pro- 
mote an association of synthetic PhoE signal sequences 
with membrane vesicles {Keller et a/., 1992) and a 
reduced amount of anionic lipid results in a decrease in 
the translocation ability of prePhoE in vivo (deVrije et a/.. 
1988) and of SecA-independent M13 procoat in vitro 
(Kusters etai % 1994). Efficient translocation of a hybrid of 
outer membrane protein F and the major lipoprotein of 
E. cofi (OmpF-Lpp) in vitro is dependent on both the 
charge of the signal sequence and the phosphatidylgly- 
cerol content of the membrane vesicles (Phoenix et a/., 
1993b). Doxorubicin, a positively charged antibiotic, and 
polylysine inhibit translocation of OmpF-Lpp into vesicles 
by preferentially binding phosphatidylglycerol and thereby 
preventing the required interaction (Phoenix era/., 1993a). 
Interestingly, lengthening the core region, and thus 
increasing hydrophobicity, allows translocation in the pre- 
sence of these competitors, "regardless of the AAterminal 
charge. 

In addition to a favourable interaction with the °hcc°hc- 
lipids, the positive charge may foster an interaction with a 
component of the export pathway. Crosslinking of purified 
SecA to the mature portion of a precursor protein was found 
to be dependent on the net positive charge at the rV-termi- 
nus of the precursor (Akita era/., 1990). Furthermore, muta- 
tions in the priD (SecA) gene partially suppress a secretion 
deficiency caused by lowering the charge at the AMerminus 
(Puziss et a/., 1989). Although suppression may imply 
physical contact between the signal peptide and the secre- 
tory component, no direct evidence for such an interaction is 
available. The improved secretion may instead be the indir- 
ect consequence of a conformational change in SecA which 
loosens the requirements for entrance into the secretory 
machinery. This kind of effect could explain a similar obser- 
vation of limited secretion of alkaline phosphatase (PhoA) 
lacking a signal peptide in a prtA (SecY) mutant strain (Der- 
man era/., 1993). 

Hydrophobicity profile 

The occurrence of several hydrophobic amino acids, clus- 
tered in the core region, is often regarded as the hallmark 
of a signal peptide. Thetf mportance of this signature is 
underscored by the observation thaWa variety of mutations 
in this central domain produce defective signal peptides 
(for a review see Gennity et a/., 1990). For example, dis- 
ruption ol the core region with a charged residue usually 
prevents normal secretion (Bankaitis et at., 1984; Stader 
era/., 1986; Kendall et a/.. 1990). Introduction of a neutral 
but polar group, such as asparagine, has a similar effect 
(Goldstein et a/., 1991), and a range of different deletion 
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mutations within this region results in export defects (Emr 
and Silhavy, 1983; Lehnhardt era/.. 1987). 

While the effect of mutations in the hydrophobic core 
region is readily scored, the reason a given mutation pro- 
duces its effect is less easily evaluated. The effect of sin- 
gle amino acid substitutions can be dependent on the 
position and the nature of the change; this is particularly 
apparent in mutations at the periphery of the core where 
a hydrophilic residue may be acceptable as long as a 
hydrophobic stretch remains intact (von Heijne, 1986). 
The analysis is complicated by the variety of amino acids 
in these signal sequences, the contribution of varying 
types of conformation and the different degrees of side- 
chain hydrophobicity. Furthermore, it is easy to overlook 
the bias of the experimental approach used to generate a 
given hydropathy table which may be used to analyse 
the mutations (von Heijne, 1985a). 

In order to independently address questions regarding 
length, hydrophobicity and conformation experimentally, 
it is often advantageous to eliminate some of the variables 
common to natural signal sequences by replacing seg- 
ments with polymers of only one or a few different amino 
ac;d residues. The 'first application of this method involved 
multiple amino acid changes to produce a PhoA signal 
peptide with a polyleucine-containing core region (Ken- 
dall et a/., 1986). This mutant was processed at least as 
efficiently as the wild type, emphasizing the importance 
of physical properties over primary sequence and estab- 
lishing that rationally designed, multiple residue changes 
can be introduced into a signal peptide with retention of 
biological activity. The approach is simplified through the 
use of cassette mutagenesis (Kendall and Kaiser, 1988) 
and has been employed to systematically study the hydro- 
phobic character of the signal peptide. 

By replacing the natural core region of the PhoA signal 
peptide with homopolymers of leucine, valine, or alanine, 
the interrelationship between the hydrophobicity and 
length of the signal sequence was examined (Chou and 
Kendall. 1990). While retaining the natural length of the 
core segment, the extent of processing and transport 
declined in these mutants in parallel with a decrease in 
the hydrophobicity of the constituent residue used. The 
core region that is composed of 10 leucine residues sup- 
ported very rapid and complete transport while that -con- 
taining 10 valine residues was only weakly exported and 
the 1 0 alanine core was severely defective. However, the 
loss in transport activity can be partially compensated for 
by increasing the length of the hydrophobic polymer 
used. Thus, a high net hydrophobicity contributed by 
increased length can partly restore function diminished 
by a lower mean hydrophobicity per residue. However, 
extremes in length are not readily tolerated: it was found 
that a core region of 20 leucine residues produced a trans- 
located yet anchored, sequence, suggesting that length 
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can be critical for topological alignment for cleavage. 
Lower limits on the core segment length have also been 
documented (or which even the most hydrophobic 
sequences do not provide a functional signal peptide 
(von Heijne, 1985b; Chou and Kendall, 1990; Hikita and 
Mizushima, 1992a). 

As increased length does not completely compensate 
for the core segments with less hydrophobic residues, 
the ioeal sequence will meet a threshold 'hydrophobic den- 
sity' to ensure rapid translocation, i.e. a high mean hydro- 
phobicity per residue must be attained within the absolute 
bounds of length limitations. An estimation of that thresh- 
old level was accomplished by •titrating* a non-functional 
polyalanine-containing signal peptide with the more hydro- 
phobic residue leucine (Doud era/., 1993). Using precursor 
processing as an earmark of transport, a clear non-linear 
dependence on signal peptide hydrophobicity was 
observed. The sigmoidal curve generated from the data 
is consistent with a simple model representing a two- 
state equilibrium between untransported and transported 
species. The equilibrium, for any one mutant, is defined 
by the number of alanine and leucine residues in its signal 
peptide core region. For those mutants with few leucine 
residues, the free energy change, associated with trans- 
port is positive and the equilibrium is far to the left. With 
greater numbers of leucine residues, the free energy 
change becomes negative and the equilibrium becomes 
favourable for transport. The midpoint of the curve falls 
between alanine to leucine ratios of 6:4 and 5:5. The 
mutant cores with hydrophobicity just below this threshold 
^exhibit significant precursor processing over time, suggest- 
ing that the free energy of these precursors is close to that 
required to drive the transition from an untransported to a 
transported state. Interestingly, the hydrophobicity of nat- 
ural core regions is similar to this experimentally derived 
threshold level. Of 11 wild-type sequences for periplasmic 
proteins, only two contain core segments with a mean 
hydrophobicity significantly below me threshold, and no 
core regions are more hydrophobic than a mutant core 
composed of the equivalent of three alanines and seven 
leucines. In nature, there appears to be no advantage to 
evolving more highly hydrophobic signal sequences. 
Nevertheless, a handful of such sequences have been 
generaled experimentally, including polymers of leucine 
(Kendall et a/., 1986), isoieucine (Kendall and Kaiser, 
1988). phenylalanine (Rusch and Kendall, 1992) and 
sequences of mixed amino acid composition (Goldstein 
et a/., 1990); these have all proved more efficient than 
their wild-type counterparts for at least one step during 
transport. 

While the hydrophobic nature of signal peptides has long 
been recognized as critical to the transport process, the 
role(s) that hydrophobicity plays has proved considerably 
more difficult lo elucidate. Energetic considerations led to 



the formulation of 'the helical hairpin hypothesis' (r -el- 
man and Steitz, 1981) and other thermodynamic rw'Jels 
(von Heijne and Blomberg, 1979; Wickner, 1979). which 
suggest that the hydrophobic signal peptide fosters the 
spontaneous insertion of the secreted polypeptide into 
the membrane and that this interaction promotes the initia- 
tion of translocation across the bilayer. These theories rely 
on the free energy potential of the hydrophobic core to 
enable unassisted partitioning into the hydrophobic inter- 
ior of the bilayer. Many studies using synthetic peptides 
and model membrane systems have confirmed that the 
signal peptide can readily insert into the acyl chain region 
of bilayers (Batenburg et a/., 1988: McKnight ef a/., 1991). 
The ability of synthetic peptides to insert into membranes 
and the in vivo function of the corresponding signal 
sequences has further been correlated with the mean 
hydrophobicity of their core regions (Hoyt and Gierasch, 

1991) . 

In addition to its role in membrane association, the 
hydrophobicity of the signal peptide has also been, impli- 
cated in the translocation process; precursors containing 
hydrophobic core mutations have been identified that are 
membrane associated but not translocated (Thorn and 
Randall, 1988; Chou and Kendall, 1990; Rusch and Ken- 
dall, 1 992). The hydrophobicity of these mutants may fall 
sufficiently short that the lipid perturbations required for 
passage of the polypeptide chain do not occur, or perhaps 
a critical protein-hydrophobic core interaction involved in 
translocation cannot be achieved. 

There is no direct evidence that the signal peptide hydro- 
phobic core interacts with any of the protein components of 
the transport pathway. However, the hydrophobic unit may 
well serve as an important recognition factor for a protein- 
specific interaction. While the involvement of the primary 
sequence must be ruled out, specificity can be contributed 
by a composite of physical properties: upper and lower lim- 
its on length, propensity for a-helix formation (see below), 
exclusion of charged residues and requirements for a 
threshold level of hydrophobicity. Such an interaction, 
involving structural elements, has been suggested for 
recognition of polypeptide chains by heat-shock proteins 
(Landry and Gierasch, 1991: Gething and Sambrook, 

1992) as well as for binding of hydrophobic portions of 
amphiphilic helices by calmodulin (O'Neil and DeGrado, 
1990). Mutations in the priA (SecY) gene (Puziss et a/.. 
1992; Francetic et aL 1993; Olsen era/., 1993), the priD 
(SecA) gene (Fikes and Bassiord. 1989). and the prIG 
(SecE) gene (Stader et a/., 1989) have been found which 
suppress mutations in the hydrophobic core of the signal 
peptide. Moreover, characterization of a collection of sup- 
pressor mutations in SecY reveals that these mutations 
are often clustered in distinct topological domains of 
SecY (Osborne and Silhavy, 1993). The clustering of key 
residues is compatible with the notion ihat these domains 



constitt .inding sites, at least one of which may be 
involved in signal sequence interactions. SecA-hydropho- 
bic core interactions are implicated by other experiments in 
which cells are treaied with sodium azide, a specific and 
potent inhibitor of SecA function (Oliver et a/., 1990). Ana- 
lysis of mutant precursors that are processed rapidly 
reveals that their transport becomes less and less affected 
by sodium azide as the signal peptide hydrophobicity is 
increased (Rusch et at., 1994). The apparent decrease in 
sensitivity to sodium azide may actually reflect an 
increased affinity for SecA, and these higher affinity signal 
peptides may more efficiently utilize the few available 
target sites which remain unaffected by the inhibitor. In par- 
allel with this trend, the mutants with highly hydrophobic 
signal peptides interfere with the transport of wild-type p- 
lactamase, suggesting that these mutants may outcom- 
pete other precursors for a component of the transport 
pathway. 

Preferences for conformation 

The secondary-structure requirements of a functional sig- 
nal peptide are probably the most difficult to assess: this 
is because of the difficulty of measuring experimentally 
the structural content in- a physiologically relevant state 
and the lack of reliable secondary-structure prediction 
schemes. Chou-Fasman (1978) analysis of natural signal 
sequences predicts that some have a propensity for form- 
ing a-helices while others have p-sheet potential (Austen, 
1979). However, this analysis is based on the frequency 
with which amino acid residues exist in a particular struc- 
ture in globular proteins, and it may not be appropriate 
. for application to polypeptides which are potentially trans- 
fixed in the membrane (Wallace et a/., 1986). Indeed, 
recent spectroscopic studies of model peptides demon- 
strate that the a-helicity of a peptide in a membrane is 
largely governed by the segmental hydrophobicity of the 
peptide rather than the intrinsic helical propensities of the 
component residues (Li and Deber, 1993). This supports 
the proposal for a-helical formation during the transport 
of a functional signal peptide containing a decaisoleucine 
core region (Kendall and Kaiser, 1988). 

Biophysical studies of synthetic signal peptides have 
revealed the existence of both p-sheet and a-helices 
depending on the environment (for a review see Jones et 
'a/.. 1990). In aqueous solution, signal peptides usually 
exhibit large amounts of random cqjl /Briggs and Gier- 
asch, 1984; McKnight et a/., 1989) although aggregates 
of p-sheets have been observed (Batenburg et a/., 1988; 
Hoyt and Gierasch, 1991). Beta-structure is also apparent 
when synthetic signal peptides associate with the head- 
groups of phospholipid monolayers (Briggs et a/., 1986; 
Cornell et ai % 1989). However, in non-polar environ- 
ments, such as trifluoroethanol, phospholipid vesicles 
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and sodium dodecylsulphate micelles, a-helix structure is 
typical (Batenburg et a/.. 1988; McKnight et a/., 1989). 
Remarkably, the a-helical content is often of the order of 
70%, with the hydrophobic core offering the most stable 
helix but with some propagation of the ct-helix through 
the A/- and C-terminal segments (Bruch et a/., 1989; 
Bruch and Gierasch. 1990; Rizo et a/., 1993). Although 
the formation of an a-helical unit in and of itself is not 
sufficient for function (McKnight et a/., 1989; Hoyt and 
Gierasch, 1991), the stability of the helix in LamB and 
OmpA mutants has been correlated with in vivo function 
(Bruch and Gierasch, 1990; Rizo era/., 1993). One advan- 
tage to helix formation is that the overall hydrophobicity is 
enhanced by the effective shielding of the polar amide 
groups via intrastrand hydrogen bonding, and such a 
hydrophobic ct-helix may provide an important recognition 
element (Kendall etaL, 1986). 

Sequence analysis of prokaryotic signal peptides 
reveals that they often contain a proline or another turn- 
promoting residue (e.g. glycine or serine) at the core- 
cleavage region boundary (von Heijne, 1986), but the role 
of this residue remains an unresolved issue. The presence 
of one of these residues has been proposed to introduce a 
p-turn, break the core region helicity, or lower the hydro- 
phobicity, ultimately promoting recognition and cleavage 
by the signal peptidase. Mutagenesis studies have sug- 
gested that the efficiency of precursor processing declines 
as the cleavage region decreases in p-turn probability by 
Chou-Fasman parameters (Vlasuk et a/., 1984; Kado- 
naga et at., 1985; Kuhn and Wickner, 1985; Duffaud and 
Inouye, 1988; Shen era/., 1991). The analysis is compli- 
cated, however, because some of the mutants involve 
deletion of residues, thus shifting the location of the critical 
-1 and —3 residues (see below); some include charged 
residues, others involve residues in the mature portion of 
the protein, and yet others interchange two turn-promoting 
residues with widely different results. In contrast, NMR 
studies reveal that a synthetic LamB signal sequence 
can propagate some helical conformation in this region 
even in the presence of a glycine residue (Bruch et a/., 
1989). Analyses of model peptides indicate that glycine 
(a known helix-breaker in globular proteins; Chakrabartty 
et a/., 1991) can be accommodated into a hydrophobic 
a-helix as readily as alanine (a strong helix-promoter; 
Lyu era/., 1991) in non-polar environments (U and Deber, 
1993). These studies argue that the rules which govern 
soluble protein structure may not apply to membrane- 
interactive polypeptides, which can form helices even 
though they often contain a preponderance of residues 
traditionally considered to be helix destabilizing (Deber et 
a/., 1986). An idealized signal peptide, which lacks proline 
and contains only the helix-fostering residues leucine and 
alanine, efficiently exports PhoA (Laforel and Kendall, 
1991). This result suggests that a clear demarcation in 
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produces a non-cleavable substrate ih al ~~ 
inhibits the .eader peptidase ^Z^S 
and Bassford, ,992; Nilsson and von HeHn7 f ? 7 
addition to the repuiremenr fbr specific So acid J 
-3 and -1. the location of these re<:irf„^ , 
•he atermina, end of the hydroph^ ~ 
>*■ 'our and six residues, respective,^ from «Tcore 
c-eavage region boundary ( Perlm an and Halvorsl n 1 Zt 
von He (J ne. 1984: Schneider etal. 1993; Jain 

Combined features 

For optimal signal sequence function, there is a require- 
ment for a combination of physical features to create a s a 
na sequence with ,he desired activity for 
secretory protein. Overlapping qualifies in a po.enS 
opt-ma. S1 gna. sequence have already been discus ed 
namely the ability o, a he.ica. structure to enhanc the 
overa I hydrophobicity as we,, as the ne, dipo.e mom n 
of the segment invoived. Experimen.aHy. me neg2e 
effects of a„ering one feature can often be attenuated bv 
.mprovrng the qua.ity of another property For ins ance 
he addition of a positive charge in'the'coTe 
protem s.gna. peptide has been shown to partial.y uo 
Press the effects of mutations created by a 2 ZZw 
charged Mterminus (Sung ef al iQq?/, h egaUvsly 
.ha,.he P ,acemen t o,!hep 9 osL^ 
ca. or efficient transport as .ong as the core remains suffi 
aently hydrophobic for transiocation. AnoZ st d 
demonstrated that enhanced hydrophobicity of L core 
eg-ons of MBP signal peptide mutants can com^sa e 
for a decreased positive charop in iho At. ""'"Pensa'e 
etal iqi*q\ tk « '" vecnar 9 e m the AAterminus (Puziss 
etal 1989). The offset of a suboptimal Mterminus is also 

rrv n a r dei secre,ory pro,ein S 

reg,on of amp.e tength and hydrophobicity; a core cTm 
poseo of n,ne .eucine residues supports iotransST 
ton o, proOm P F-Lpp even with zero charge n " ™ 
«erm,nus. In contrast, a hydrophobic stretch of on,y TeZ 
or e,cn, .eucnes requires a positively charged AAterminus 
for ^en-cen, translocation (Hikita and Mizushima. ^ 
Opt.m.zed core regions can also overcome defects in the 
early pon.on of the mature protein. Replacement six 
rescues in the AAtermina, region of the mature pS in °Uh 
a homopolymer of serines creates a transport-incompetent 
PhoA precursor. This mutant shows little transport improve 
men when several wild-type residues are reined 
ye. funcon is restored by incorporating a hydSS 
core of 10 .eucine residues in the signaf peptide (Rus Ch 
and Kenda,,. 1994). The results demonstrate tha, !h e 
h,gh hydrophobicity o, the signal peptide can override 
po.en„a, requ.rements for P -,urn promoting and nega S 
charged rescues tha, often exist in the mature portoH 
the protem. Lengthening the hydrophobic core oi 1 
proOmpA mutant can also compensate lor the inhibitor^ 



Z , t"**"* chaf 9" in the eany mature protein 
(Macln^ .; a/ .. 1990) . Furthemlore Mac P ^ 

■ned na.ura, orecursor proteins and proposed that Te 

cTr2 reSenC f ° f 3 POS,UVe *»» in ,ne ^>e-in^ 
of the matureprotem ,s often preceded by a signal peptide 

wh.ch tacks d.sruptive proiine or g.yci„e residues. TNs 

.mpfies that the frequent occurrence of these p-tum! 

promoting residues in natural signal sequences is no. 

reared but rather is .o.erated if other features of the sio 

nal peptide are optimized for transport. 

Optimized sequences: helpful or harmful? 
Many examples in the preceding section show tha. an op.i- 
m.zed core reg.on can compensate for a defect in or 
around , he signa, peptide, suggesting ,ha, the u c Ls 
of the afferent segments are not entirely distinct The 
expenmental evidence confirms the balance o eaJes 
that ex.s, ,n na.ura. signa. sequences, bu, it a.sc Eposes 
severa. questions. Why are wild-type core regTons no 

rZirrh e r ydrophobic? why d ° - £Z£ 

regular a-nelices and evolve = ... 
S.udie S wi.h ideanzed s e t:o: Q rir C,,,C 
homopolymers designed io^^ZX™^ 

a duf S r amin ° aC, ' d C ° mpositi0 "- ™V P o"de 
a clue. S.gnal peptide mu.ants containing nine or 10 leu 

erne rescues, by some criteria, function bener han fhe 

w.ld-type core. However, these core region mumn* 

cause precursor accumulation of another wiM-type P Te in 
•n he c ... p , actamase (Rusch eiai *Pe prx^n 

ten Mm an uneven competition ,ha. is created by*e 

Cs aL°' IT™* W,,h 3 SUPe "' 0r 
Thus, although a h.ghly hydrophobic core region aooar 

ZSZZ£ own " may disturb " 

hydrophobic, bu, there is no apparen. driving force to f ev o" 
v-ng s.gna. sequences ,ha. are any more efficient Fu rthe 
more, few combinations of amino acid residues col 
Procuce . hydrophobic segment equiva.en, ,0 0 Z 

fice b and . Phen ^ ,anine -u.d more than suf- 

fice bu both may present structural distortions if used 
frequently, and the repea.ed use of a small subs*, tr 
amino acids might tax the components used for om L 
synthesis. .. is evident from the lam! 1^ Pf ° ,e ' n 

1984, , nat tne possib|e co^^ « 

"~ ' ess hydrophobic & 10 i«i « 

Experiments involving idealized mutants suggest a hioh 

S'lr SecA i9 Th y hydr ° Ph0biC 3nd signa P? P 

o? 1 , 6 P ° SSimty °' bindin 9 component 

ay rely on a iransien. recogn.lion by each componen. 
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in a series of steps ultimately leading ,0 secretion While 
we may discover means for increasing export by optimi* 
■no the hydrophobic core region or other segS 

aJh?^'^ 5 direC,i ° n may n °' be bene,icial 10 •» ove 
- heafth of the cel.. Na.ura. signa. peptides are designed 

to ncorporate a combina.ion of (ea.ures. creating a we', 
seouen, ""I!- 71,6 amin ° add Varia,ion -i«hin sign , 

IhIk w y necessa, y to Promote secretion of the 
attached protein without encumbering the pathway In 
th,s ..ght, natural signa. peptides may be perceS as con 

secures) which deter overuse of the system; nature haT 
-ndeed evo.ved signa. sequences which are precise^ 
luned for the transport process. y 
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